Abstract: Alcohol-free beer is increasingly marketed with the claim "isotonic". According to the European Food Safety Authority (EFSA), isotonic beverages should have an osmolality in a range of 270-330 mOsmol/kg. A method to determine osmolality in beer using an automatic cryoscope was applied and validated in this study. Isotonic and hypotonic beers can be measured directly, while hypertonic beers have to be diluted into the linear range of the instrument. As proven in several different beer matrices, the assay was linear with an average correlation coefficient of 0.998. The limits of detection and quantitation were 2 and 10 mOsmol/kg, so that the sensitivity of the method was judged sufficient to control the isotonic range. The measurement uncertainty expressed as coefficient of variation was less than 1% interday. The applicability of the method was proven by measurement of 86 beer samples. Our study has shown that the cryoscopic method is fit for the purpose to validate claims of isotonicity in food control.
Introduction
Isotonic sports beverages are available on the market aimed at restoring the strength of people conducting strong physical exercise [1, 2] . Such drinks are usually used during or after exercise to avoid or delay the depletion of the body's carbohydrate stores and the onset of dehydration [3, 4] . In recent years, isotonic alcohol-free beers were increasingly advertised and offered for the same purpose [5] . Alcohol-free beer (defined in Germany as beer with an alcoholic strength of less than 0.5% vol) may be a good alternative to traditional sports drinks or isotonic sports drinks, because its taste, which corresponds to normal beer, may be considered by some consumers as preferable to conventional sports drinks. Indeed, some studies have proven that many consumers may not even be able to differentiate alcohol-containing from alcohol-free beers [6] [7] [8] . Alcohol-free beer is the only segment
The terminology associated with calculating and measuring osmotic activity is often confusingly used in the literature. The selection of which term to use (osmolality or osmolarity) depends on how the concentration was measured (see Equations (1) and (2)). When derived by an osmometer in clinical laboratories that use a method such as freezing point depression of water (or less commonly, the vapor pressure technique), the concentration is expressed in terms of solvent and is appropriately referred to as osmolarity [25] . In the case of beverages, the requirements of SCF, ALS and EFSA are stated in osmolality expressed in mOsmol/kg [22] [23] [24] , so this unit is most typically used.
(Note: The freezing point depression of a molar solution is −1.86 °C.) In this study, we applied and validated the freezing point methodology to confirm the claims of isotonicity in a collective of beer samples from the German market.
Experimental Section
An automatic cryoscope Cryostar II LC (Funke Gerber, Berlin, Germany) was applied with interface for printer and PC. A sample volume of 2.0 mL was measured in each case. The sample vials were provided by the manufacturer. The measurement begins about 2 °C below the freezing temperature [26] . Due to vigorous beating of the stirring bar against the glass wall, the sample suddenly crystallizes (freezing is triggered). The crystallization energy is released and warms the sample to its "freezing plateau" [26, 27] . During the coexistence of the two phases, solid and liquid, the freezing temperature remains constant. After reaching this coexistence conditions, the freezing temperature is measured on this plateau with high reliability [27] .
The instrument was calibrated for three different temperatures, using the following standard solutions:
 Standard A: freezing point at 0.000 °C ± 0.002 °C (bidistilled water).  Standard B: freezing point at −0.514 °C ± 0.002 °C (0.8654 g of NaCl in 100 mL of bidistilled water).  Standard C: freezing point at −0.557 °C ± 0.002 °C (0.9473 g of NaCl in 100 mL of bidistilled water).
All beverage samples were purchased from supermarkets in Baden-Württemberg, Germany. The analysis of each sample was performed in triplicate. The osmolality was calculated for each replicate, and the average of all replicates is reported. The degassed beer samples were measured either directly, or after dilution with water. A dilution was made when the direct measurement of the beer was outside the linear range of the instrument (0.000 °C to −1.000 °C). The osmolality was then calculated, taking into account the dilution factor of the sample solution.
Furthermore, a complete method validation was conducted. For validation the following samples were prepared and analyzed:
 10 samples of isotonic alcohol-free beer, at 10 dilutions between 0% and 10% (total n = 100).  10 samples of standard beer (4%-6% vol alcohol), at 10 dilutions between 0% and 10% (total n = 100).  2 samples of an alcohol-free isotonic sports drink, at 10 dilutions between 0% and 10% (total n = 20).
To assess the intra-and interday precision, a random sample of beer was analyzed 6 times on a single day and on the following 5 days (total n = 30). To study the applicability of the method, all beer samples available at our laboratory in January 2015 were analyzed. For this reason, most samples were alcohol-containing standard beer types, because isotonic alcohol-free beers still have a comparably low market share on the German beer market.
Results and Discussion
During measurement of 86 samples, it was found that the freezing point in the range of isotonicity is well in the linear measurement range of the cryoscope when the beverages are directly measured, i.e., without dilution. Only for most standard or strong beer types, which are typically hypertonic, a dilution into the measuring range may be needed. A problem with standard and strong beers may also be the ethanol content of the samples, which may hinder the instrument to reach the required temperature for measurement due to its low freezing point [28] . However, it should be noted that the measurement of normal and strong beers is not relevant for the question of labeling, because alcohol-containing beers may not be labeled as "isotonic" according to regulation 1924/2006/EC (which prohibits any health claim and most nutritional claims for alcoholic beverages).
The results of a total of 86 samples is shown in Table 1 . In general, our results confirm previous literature regarding the tonicity of beer types, e.g., that standard beers are in the hypertonic range above 1000 mOsmol/kg [3, 12, 13, 29] . Some strong beers, which so far have not been analyzed in the literature, may reach values up to 1600 mOsmol/kg. Our results also confirmed that alcohol-free beers may indeed fall into the isotonic range, even in some brands that were not labeled as isotonic. Most alcohol-free beers, however, are slightly hypotonic. Two of the product labeled as "isotonic" were outside of the strict range proposed by SCF, ALS and EFSA [22] [23] [24] , but on the limits of the range of Egle et al. [21] . This also confirms observations from Switzerland that the osmolality of 35 commercial sports drinks from Switzerland tended to be outside the isotonic range [3] . Our institute will follow up such cases and increasingly include isotonic beverages in the official sampling for food control purposes. For validation purposes, dilution series of 22 samples were prepared to study the detection limits and linearity. The results are shown in Table 2 . The assay was linear with an average correlation coefficient of 0.998. The average limits of detection and quantitation were 2 and 10 mOsmol/kg. The sensitivity of the method is therefore sufficient for official control purposes, because the limits are less than a factor of 10 lower than the lower limit of the isotonicity range (270 mOsmol/kg). 
Conclusions
In contrast to other nutritional claims such as carbohydrates, fat, protein or alcohol, which need to be validated by complex instrumental methods such as NMR spectroscopy [31] , time-consuming wet-chemical [11] or physicochemical methods [32] , the claim of isotonicity can be checked rather rapidly using a simple cryoscopy measurement. Cryoscopes are also already available in many food-testing laboratories, because it has been a standard method in milk analysis for decades [33, 34] . As our research shows, the methods established for milk analysis can be used for beers and alcohol-free beverages with minimal modification (such as dilution if necessary). Our validation has shown that the method is fit for the purpose of food control. Despite the controversial nature of the use of the isotonicity claim on beverages that appear to be targeted to the general consumer, when the benefits are only expected in the small sub-group of heavy athletes [1] [2] [3] , we believe that it is still important to regularly confirm the validity of this claim to protect the consumers from misleading food information.
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